The low-spin structure of 93 Nb has been studied using the (n,n ′ γ) reaction at neutron energies ranging from 1.5 to 3 MeV and the 94 Zr(p,2nγ) 93 Nb reaction at bombarding energies from 11.5 to 19 MeV. States at 1779.7 and 1840.6 keV, respectively, are proposed as mixed-symmetry states associated with the π2p 1/2 symmetric one-phonon states, energy systematics, spins and parities, and comparison with shell model calculations.
The interplay of collective and single-particle excitations in nuclei provides an excellent testing ground to examine the coupling between bosonic and fermionic degrees of freedom. In the interacting boson model with separate representations for proton and neutron bosons (IBM-2) [1] , a new class of collective excitations, mixedsymmetry (MS) states, arises. MS states are collective vibrational phenomena which are not fully symmetric with respect to the proton-neutron (pn) degree of freedom [2] , presenting pn symmetry departures from ground-state symmetry. These excitations are of isovector character, i.e., proton and neutron spin contributions are additive in the vector part of the M 1 magnetic dipole operator and may lead to strong M 1 transitions (matrix elements of about 1µ N ) from the M S state. A systematic description of these collective nuclear states within the IBM-2 can be found in Ref. [3] . Recently, M S states have also been examined from a shell model approach [4] .
Whereas M S states have been studied extensively in even-even nuclei, little is known about M S states in oddmass nuclei, as only the scissors mode has been identified in a few deformed nuclei through strong dipole transitions to the ground-state [5] . The nearly-spherical N=52 isotones form a bountiful region for M S findings, where 2 [6, 7] . The characterization of such states indicates that the 2 [9] . In a weak-coupling scenario, M S states in the odd-Z N=52 isotone, 93 41 Nb, might be expected at similar energies (∼2 MeV) as their even-Z, N=52 isotone neighbors. If found in an odd-mass nucleus, these M S states would give evidence for weak-coupling of the fermion to the collective excitations and affirm the effectiveness of IBM-2 in separating proton and neutron representations.
Excited states in 93 Nb can be regarded as resulting from the coupling of a 1g 9/2 proton to a 92 40 Zr core, and a 2p −1 1/2 proton-hole to a 94 42 Mo core [10, 11] . These couplings result in two independent and unmixed phonon structures of opposite parity. A quintet of positive-parity states built on the J π =9/2 + ground-state results from the π1g 9/2 ⊗(2 + 1 , 92 Zr) particle-core coupling. This quintet has been identified in agreement with expectations of the center-of-gravity theorem [10, 12] , and the assignment is supported by Coulomb excitation results [13] . A simpler structure, a doublet of negative-parity states built on the J π =1/2 − first excited state at 31 keV (with a half-life of 16 years), is also observed and corresponds to the π2p
94 Mo) configuration. We have identified M S states in the negative-parity structure of the nearly spherical odd-Z nucleus 93 Nb, which correspond to the 2 + 1,MS states found in neighboring even-even nuclei. Identifications are based on M 1 and E2 strengths, energy systematics, and spin-parity assignments and from the comparison with shell model calculations using the low-momentum nucleon-nucleon interaction, V low−k [14] .
The nucleus 93 Nb was studied using the (n,n ′ γ) reaction at the University of Kentucky and the 94 Zr (p,2nγγ) 93 Nb reaction at the University of Cologne. Excitation functions, lifetimes and branching ratios were measured using the 93 Nb(n,n ′ γ) reaction [15] at neutron energies ranging from 1.5 to 2.6 MeV. Gamma-gamma coincidences were also measured with the (n,n ′ γγ) reaction at a neutron energy of 3 MeV. Excitation functions, together with the analysis of background substracted coincidence spectra allowed the construction of a comprehensive level scheme up to 2.1 MeV. The coincidence methods following neutron inelastic scattering are described by McGrath et al. [16] . Lifetimes were measured through the Doppler-shift attenuation method following the (n,n ′ γ) reaction [17] . From an angular correlation experiment with the 94 Zr(p,2nγγ) 93 Nb reaction, branching ratios were measured and multipolarities and spin assignments determined. We used seven angular correlation groups defined by three angles: θ 1 and θ 2 are the angles of the two detector axes relative to the beam axis, and the angle φ between the planes defined by the beam axis and emission directions of the γ-rays. When fitting angular correlation data, we fixed the Gaussian width, σ, of the m-substate distribution from fits to previously known transitions in 93 Nb, and treated the multipole mixing ratio, δ [18] , of the unknown transition as a free parameter following the formalism developed by Krane, Steffen and Wheeler [19] . The current results for the strongest populated transitions are in good agreement with those identified in previous work [10, 11] . Table I gives the properties of selected negative-parity levels in 93 Nb. The proposed M S states are the 1779.7 keV and 1840.6 keV levels (as shown in Figure 1 ) arising from the 2p
94 Mo) configuration.
FIG. 1:
93 Nb partial level scheme showing the 2p
1/2 singleparticle, symmetric one-phonon and proposed M S states of importance to this discussion.
keV state -The previously proposed (5/2
− ) level at 1779.7 keV yields a new 1092 keV branch to the first 3/2 − 1 excited state that has been revealed from the excitation function and coincidence data. The level has been assigned as J π =5/2 (−) by the analysis of the angular correlation data (see Table I and top panel of Table I and bottom panel of Fig. 2 
Negative-parity levels, lifetimes, initial and final spin of the states, γ-ray energies, branching and mixing ratios, and experimental B(M1)↓ and B(E2)↓ transition rates are listed. Shell model B(M1↓) and B(E2↓) predictions for relevant transitions together with isoscalar (IS) and isovector (IV) components of the E2 operator are shown in the last four columns. An asterisk labels newly identified levels and γ-ray transitions. 
where N π and N ν are the number of proton and neutron pairs, respectively and N=N π +N ν . The standard boson g-factors, g π and g ν , are g π =1 for proton bosons and g ν =0 for neutron bosons [3] . Considering N is consistent within the weak coupling limit, the latter value exceeds the schematic U (5) estimate from above. This strong B(M 1) might be partly due to the spin contribution of the unpaired proton to the M 1 strength which is absent in the IBM-2. Shell Model Calculations -To gain further insight into the nature and structure of the proposed M S states, we have examined 93 Nb in the framework of the nuclear shell model. While a more complete description will be given in a subsequent publication [21] , our focus here will be on providing a theoretical confirmation for the M S interpretations proposed above and quantifying the spin contribution to the M 1 transition. The starting point for these calculations is the low-momentum nucleon-nucleon interaction V low−k [14] , an energy independent interaction whose only free parameter, the momentum cutoff Λ, is fixed at 2.1 fm −1 . All calculations were carried out with the Oxbash shell model code [22] , which has been used with V low−k to reproduce the mixed-symmetry structures of both 92 Zr and 94 Mo [21] . As in [4] 
can be expressed as a ratio of Racah coefficients, from which we predict the B(M 1) value for the J i = J f transition be suppressed by a factor of 14 with respect to the J i = J f transition. This is clearly seen in both the calculations and experiment. A final theoretical prediction consistent with the M S identification of this state is the weakly-collective E2 transition with significant isovector character to the 1/2 − first excited state. We now examine the spin and orbital parts of the B(M 1) strength to see if the shell model predicts an enhanced spin contribution from the unpaired proton. Using vanishing orbital g-factors (g In conclusion, we propose, for the first time, M S states in a nearly spherical odd-mass nucleus from both experimental and theoretical evidence.
